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Cold-hardy ectotherms use strategies of freeze avoidance or freeze tolerance to survive sub-zero temperatures (Storey and Storey 1988 , Duman et al. 1991 , Lee 1991 . Freeze-avoiding animals typically minimize exposure to low temperatures behaviorally and may depress their freezing points through production of colligatively active antifreeze chemicals, such as sugars and polyols, that accumulate in blood and other tissues (Somme 1964, Storey and Storey 1988) .
In addition, freeze-intolerant animals may facilitate supercooling (remaining unfrozen at temperatures below the freezing point of their body fluids) by removing ice-nucleating agents from the gut and body fluids in preparation for exposure to low temperatures (Neven et al. 1986 , Lee et al. 1993 . Some animals produce proteins and glycoproteins that act in a non-colligative fashion to promote supercooling of the body fluids (i.e., they depress the freezing point of body fluids without affecting their melting point) Horwath 1983, Wu et al. 1991 ).
Freeze-tolerant animals typically use ice-nucleating agents to promote freezing at relatively high sub-zero temperatures (Zachariassen and Hammel 1976 , Duman et al. 1985 , Layne et al. 1990 , Lee et al. 1991 , Mugnano et al. 1996 .
These animals avoid damage, in part, by promoting extracellular freezing, thereby enhancing the supercooling capacity of cell contents and avoiding intracellular freezing. Other biochemical adjustments, generally made concomitantly, enable cells to avoid damage from the resulting dehydration and intracellular concentration of solutes (Duman et al. 1985 , Storey and Storey 1988 .
635
This content downloaded from 134.53.236.17 on Tue, 08 Mar 2016 13:49:14 UTC All use subject to JSTOR Terms and Conditions
M. P. FRISBIE AND R. E. LEE
Terrestrial insects employ diverse strategies to survive low winter temperatures (Lee 1989 , Duman et al. 1991 . Due to their small size, and hence small water volume, some supercool extensively and remain unfrozen to -25?C or lower. Others tolerate internal freezing that begins at high sub-zero temperatures, while some are capable of both supercooling and tolerating freezing (see tables in Somme 1982 and Lee 1991) .
The winter environment of aquatic invertebrates differs in important ways from that of their terrestrial counterparts and thus influences the types of low-temperature strategies the aquatic organisms employ (Moore and Lee 1991) . First, because of its high specific heat, water in ponds or streams acts as an effective thermal buffer. When freezing does begin, the heat of crystallization that accompanies the phase change is released, slowing the cooling of underlying water. The layer of ice on the surface of the body of water insulates and further retards cooling of subsurface water. Thus, aquatic invertebrates face sub-zero temperatures less often than do terrestrial invertebrates. Nevertheless, organisms within benthic substrates may be exposed to sub-zero temperatures when temporary ponds dry, or during extremely cold weather, when ice may extend into the substrate. In lotic systems, currents help to retard ice formation, but in extremely cold weather subsurface anchor and frazil ice may form (Oswood et al. 1991) . When aquatic organisms do face sub-zero temperatures, they are likely to do so while in contact with, or even encased in, ice.
Thus, a 2nd difference afforded by an aquatic environment is that aquatic organisms may be subjected to mechanical stress that their terrestrial counterparts normally avoid.
A 3rd way in which a winter aquatic environment differs from a terrestrial one is that supercooling is less likely to be an effective strat- Thus, aquatic organisms will freeze unless they possess special adaptations that allow them to resist inoculation or internal ice crystal growth.
Antarctic fishes, which inhabit water at temperatures below their melting points (i.e., the highest temperature at which ice crystals can persist in the body fluids), produce special antifreeze proteins that inhibit ice crystal growth in their body fluids (DeVries 1983 .
Some terrestrial insects produce particularly active antifreeze, or thermal hysteresis, proteins that may depress the freezing point (i.e., temperature at which ice crystals can grow) by 5?C or more below the melting point of body fluids Horwath 1983, Duman et al. 1991 such studies also present significant difficulties.
For example, freezing organisms in water-filled containers will probably produce unnatural mechanical stress on the organisms and freezing organisms out of water may subject them to crucial dehydration stress (Oswood et al. 1991 ). An additional logistical problem is that cooling animals in the presence of substantial external water makes it difficult to detect when (and if) actual freezing of the organism begins because freezing of external water will release heat that masks the exotherm produced by the specimen.
(When liquid water changes to ice, the heat of crystallization is released. For a supercooled organism that begins to freeze, the sharp rise in recorded temperature is termed an exotherm (Fig. 1) .) Laboratory tests of freezing survival in aquatic organisms typically have produced high mortalities (Table 2) .
Another approach has been to investigate the physical properties of the animals themselves divorced from their natural habitat. Moore and Lee (1991) state. In all cases, animals were wrapped in contact with a thermocouple in either a dry or water-saturated paper towel strip and placed in a low temperature bath, as described above. In the contact-with-ice and frozen treatments, freezing of water in the moist paper towel was initiated with a crystal of ice or a puff of Histofreeze. In other treatments, the absence of an exotherm verified that freezing did not occur (Fig. 2) . Duration of the exposures ranged from 2 to 24 h. Although statistically significant, the small difference in Tc-ice between samples seems unlikely to have biological meaning. Thus, the 2 mayfly samples were pooled for the remaining analyses.
In general, aquatic invertebrates had body water concentrations of about 3 ,iL/mg dry mass (Table 3) , but there was significant variation among groups (F,93 = 14.6, p < 0.001). Two species of beetles (Agabus disintegratus and the terrestrial H. convergens) had the lowest body water concentration, while a 3rd species of beetle (Ilybius oblitus) had the highest (Table 3) .
Body fluids also differed in their osmolality among the 4 species tested (F3,, = 76.9, p < 0.001, Table 3 Crystallization temperatures also differed among groups when animals were cooled in contact with ice (F6,6 = 19.5, p < 0.001, Table 3 ).
The 2 aquatic beetles, terrestrial beetle, and bug appeared to resist freezing somewhat (Tc-ice = -1.2 to -2.2?C) even though they were in contact with ice crystals, while the other groups apparently began freezing when the wet paper towel around them was inoculated.
All groups survived exposure to a high subzero temperature that was near, but above, their own melting points (i.e., -0.5?C, Table 4 ). Survival was high at this temperature regardless of whether exposure was of short (2 h) or long (24 h) duration, although mortality was extensive for some groups when in dry conditions for 24 h (i.e., mayflies, isopods). All groups tolerated contact with ice at these high sub-zero temper- shows no such plateau, indicating that it remained unfrozen during the exposure period.
cluding 2 species of aquatic beetles. On the oth-ditions. Some terrestrial arthropods increase er hand, small volumes of water generally su-their supercooling capacity by eliminating nupercool readily (Lee 1989 , Lee et al. 1993 . cleators from their systems in preparation for Thus, from a physical perspective, it is surpris-winter (Duman et al. 1991) . For an aquatic ining that the aquatic animals did not supercool vertebrate, however, the powerful inoculative acmore extensively than they did in dry test con-tion of external ice would render such adjust- Our data show that a variety of aquatic invertebrates are not resistant to inoculative freezing. Salt (1963) noted that ice readily propagates through insect cuticle and Danks (1971b) showed that wet chironomid larvae froze 2 to 8?C higher than did dry ones. In our study, clams, isopods, and mayflies apparently began freezing as soon as they reached their freezing points when in contact with external ice. This result is in stark contrast to their supercooling ability when isolated from external ice (-4.7 to -5.8?C), and should serve as a reminder that, although Tcs provide information about the physical properties of organisms, they are not, in themselves, reliable indicators of when organisms are likely to freeze in nature (Bale 1987 , Layne et al. 1990 , Lee 1991 . In contrast, the belostomatid and 3 species of beetles appeared to resist inoculative freezing to a limited extent.
They may possess just enough resistance to inoculation by external ice to delay the onset of freezing, which would decrease the amount of ice formed during short exposures. Thus, even slight resistance to inoculative freezing may be sufficient to allow these organisms to survive high sub-zero exposures of short duration.
It is interesting to note that the organisms that possessed the greatest resistance to inoculative freezing are species that breathe air. Both belostomatids and dytiscids rise to the water surface to acquire oxygen and thus do not need to have a permeable membrane in contact with
water. In addition, adult belostomatids and adult dytiscids periodically migrate from ponds and must be able to withstand terrestrial conditions. Both have rather tough integuments, and dytiscids are covered by thick cuticle and wax. In contrast, the other species tested are obligate aquatic organisms and employ aquatic gas exchange through gills or tracheal gills which likely are sites of penetration by external ice crystals. Clams have extremely hard, and seemingly impenetrable, external coverings. However, the fact that these organisms had little capacity to resist inoculative freezing indicates that they were unable to, or did not, seal their shells effectively against penetrating ice crystals.
Other authors have detected seasonal variation in low-temperature-related characteristics of aquatic invertebrates. Frisbie and Dunson (1988) documented clear seasonal changes in hemolymph osmolality in a large species of dytiscid and showed that this change could be brought on by exposure to low temperature. Olsson (1984) found that the gastropod Gyraulus acronicus was freeze-tolerant in winter, but not in summer. Sawchyn and Gillott (1975) (Table 1 ). An interesting pattern is apparent in the data of Brown et al. (1953) , who reported 100% survival of plecopterans, ephemeropterans, and dipterans when thawed from anchor ice, but no survival when these same animals were thawed from sheet ice. Since anchor ice forms when disk-shaped plates of frazil ice agglomerate on underwater surfaces (Oswood et al. 1991) , animals trapped therein may be subjected to more modest physical forces than those trapped by actual crystal growth as surface sheet ice expands downward. Two species of mollusks also readily survived ice encasement ( No ice formed in this treatment since no exotherms were recorded.
taxonomic group, across a broad north-south distribution.
Several authors working in more northern regions have reported ice and sediment temperatures well below 0?C in streams and ponds (Danks 1971a , Irons et al. 1993 , Olsson 1984 , 1988 . Under these conditions, the organisms we studied would not be able to survive. In more temperate regions, however, it is less likely that ice will form all the way to the bottom of waterways. Irons et al. (1993) suggested that many aquatic invertebrates actively move down, away from an advancing ice front. Our data suggest that a number of species could withstand circum-zero temperatures and survive in such conditions. Furthermore, even if freezing should begin around them, the invertebrates in our study could survive provided they remained unfroz- 
